The human DNA repair protein ERCC1 resides in a complex together with the ERCC4, ERCC11 and XP-F correcting activities, thought to perform the 5′ strand incision during nucleotide excision repair (NER). Its yeast counterpart, RAD1-RAD10, has an additional engagement in a mitotic recombination pathway, probably required for repair of DNA cross-links. Mutational analysis revealed that the poorly conserved N-terminal 91 amino acids of ERCC1 are dispensable for both repair functions, in contrast to a deletion of only four residues from the C-terminus. A database search revealed a strongly conserved motif in this C-terminus sharing sequence homology with many DNA break processing proteins, indicating that this part is primarily required for the presumed structurespecific endonuclease activity of ERCC1. Most missense mutations in the central region give rise to an unstable protein (complex). Accordingly, we found that free ERCC1 is very rapidly degraded, suggesting that protein-protein interactions provide stability. Survival experiments show that the removal of cross-links requires less ERCC1 than UV repair. This suggests that the ERCC1-dependent step in cross-link repair occurs outside the context of NER and provides an explanation for the phenotype of the human repair syndrome xeroderma pigmentosum group F.
INTRODUCTION
Repair of damaged DNA prevents accumulation of lesions that give rise to mutations, chromosomal instability, carcinogenesis or cell death. A wide variety of DNA lesions caused by exposure to UV light and numerous chemical agents are removed via the nucleotide excision repair (NER) pathway. This repair process involves specific damage recognition, dual incision of the damaged strand, followed by lesion removal, gap filling and finally strand ligation (for a recent review see 1). Most of the proteins engaged in NER have been identified by making use of UV-sensitive mutant rodent cells (ERCC1-ERCC11) and cells derived from patients suffering from xeroderma pigmentosum (XP-A-XP-G), Cockayne's syndrome (CS-A and CS-B) or trichothiodystrophy (TTD-A). XPA protein is thought to play an important role in the damage recognition step, as it specifically binds to damaged DNA (2) (3) (4) and interacts with several other repair proteins, including the RPA heterotrimer (5, 6) , XPG (5), the basal transcription factor TFIIH (7) and the ERCC1 complex (8) (9) (10) (11) . Following damage recognition the helicase activities of XPB and XPD (12, 13) , present in the TFIIH complex (14) (15) (16) , are thought to convert the damaged site into a substrate for XPG and the ERCC1 complex, likely to be responsible for dual strand incision around the lesion. Further action of RPA, PCNA, RF-C, DNA polymerase δ and/or ε and ligase are needed to complete the full NER reaction (17) .
Although ERCC1 was the first human NER gene cloned (18) , information on its enzymatic function is still very limited. The protein exists in a complex together with the ERCC4, ERCC11 and XP-F correcting activities (19) (20) (21) . Largely due to the difficulty of purifying it to homogeneity (22) , the exact composition of the complex has not yet been fully resolved, although recently a heterodimeric ERCC1 complex was reported (23) . By homology with its Saccharomyces cerevisiae counterpart RAD10 (24) , which associates with the RAD1 protein (25, 26) , the ERCC1 complex is expected to mediate endonucleolytic incision at the 5′ side of the lesion (27) (28) (29) (30) (31) . The nature of this putative activity, however, remains to be established. The domain of ERCC1 involved in the transient interaction with XPA extends from residue 93 to 120 (8) , in a region that is strongly conserved in RAD10 (24) . Further, on the basis of this conservation, the area could be involved in association with the human homolog of RAD1 (26) , ERCC4 and ERCC11 and/or XPF.
Beyond the central region, towards the C-terminus, significant homology with the C-terminus of the Escherichia coli NER protein UvrC is observed (see Fig. 9 ). This domain is conserved in the Schizosaccharomyces pombe ERCC1 homolog Swi10 (32) , but absent in RAD10 from S.cerevisiae (33) . Both homologs have an additional function in a mitotic recombination pathway. In S.cerevisiae this pathway involves recombination between direct repeats (34) (35) (36) in which RAD1 is required for removal of non-homologous sequences from the 3′-ends of recombining DNA (37) (38) (39) . In S.pombe this pathway entails mating type switching (40) . The mammalian ERCC1 complex may have such a function as well. This idea is supported by the extreme hypersensitivity to DNA cross-linking agents that is unique to ERCC1-and ERCC4-deficient rodent mutants (41) . Interstrand cross-links probably require recombination for their elimination. In order to obtain more information on the significance of various ERCC1 domains for both the NER and recombination functions, we have constructed ERCC1 cDNAs with specific mutations and measured their ability to correct the mutagen hypersensitivity of rodent ERCC1 mutant 43-3B.
MATERIALS AND METHODS

Plasmids
The E.coli expression construct pETUbi..ERCC1 described earlier (42) encodes a ubiquitin-ERCC1 fusion protein, in which the ubiquitin moiety is thought to protect the N-terminus of ERCC1 against proteolytic degradation. The N-terminal ubiquitin part can be cleaved off by the enzyme ubiquitin lyase (see 42) . Plasmid pSVL5 is a modification of the pSVL eukaryotic expression vector (Pharmacia) in which the EcoRI, SalI, KpnI and HindIII sites have been removed. Subsequently, the ERCC1 cDNA, isolated via PCR, was cloned behind the strong SV40 late promoter, giving rise to plasmid pSVL5E (5.8 kb). The PCRderived ERCC1 cDNA insert was verified by sequence analysis. Plasmid pUCPROMH-1 (4.2 kb), containing the wild-type ERCC1 cDNA under the control of its own genomic promoter, has been described previously (43) . Plasmids pRSVneo and pSV3gptH respectively harbour the dominant selectable marker genes neo and gpt (18, 44) . Plasmid pHG containing the DHFR gene (45) was used to drive gene amplification in mammalian cells.
Construction of mutant cDNAs
Missense and C-terminal deletion mutations in ERCC1 were introduced using site-directed mutagenesis (46) . The complete ERCC1 cDNA together with its promoter region was inserted in M13mp18 (Pharmacia), giving rise to Mp18PROM. After mutation induction this insert was used to replace the wild-type ERCC1 cDNA in plasmid pUCPROMH-1.
The ERCC1-UvrC hybrid construct consists of the ERCC1 cDNA in which the C-terminus, conserved between ERCC1 and the E.coli NER protein UvrC, is replaced by the C-terminus of UvrC [ERCC1(1-708)-UvrC(1600-1767)]. The ERCC1 part was amplified using a forward primer containing an optimal translation initiation sequence and a reverse primer containing ERCC1(697-708) and UvrC(1600-1617) sequences. The complementary oligonucleotide was used (as forward primer) to amplify the C-terminus of UvrC. The two amplified fragments were used as template in a subsequent PCR to amplify the ERCC1-UvrC hybrid gene.
N-Terminal deletion mutations were made via PCR using sense primers containing an optimal translation initiation sequence. The ERCC1-UvrC hybrid gene and N-terminal deletion mutants were cloned into plasmid pSVL5E, replacing the wild-type ERCC1 cDNA.
All mutations were verified by sequence analysis. Furthermore, at least two separate cDNAs were used to assess the biological effects.
DNA transfections
Wild-type and mutated ERCC1 cDNAs were co-transfected with pRSVneo (in some cases after in vitro ligation). 43-3B (ERCC1-deficient CHO) cells (47) were transfected using either the calcium phosphate DNA precipitation procedure (48) or lipofectin (BRL) as described (49) . Stable transfectants (mass populations or single clones) selected on G418 (800 µg/ml; Gibco) were checked for the presence of the intact human ERCC1 cDNA by PCR as described earlier (50) .
Survival assays
To determine the colony forming ability (CFA), DNA constructs (5-10 µg) were co-transfected with pSV3gptH (2-5 µg) into 5 × 10 5 43-3B cells in three 90 mm dishes, as described previously (18) . After 10-14 days of selection on mycophenolic acid (MPA; Gibco) and mitomycin C (MMC; Kyoma) the cells were fixed, stained and colonies were counted, providing a rough estimate of the survival. To more precisely determine the correcting ability of the mutated ERCC1 cDNAs, cells of 43-3B, its parental cell line CHO9 and stable transfectants were plated at densities varying from 200 to 1000 cells/60 mm dish. After attachment, cells were either rinsed with phosphate-buffered saline (PBS) and UV irradiated at various doses (Philips TUV low pressure mercury tube, 15 W, 0.45 J/m 2 /s, predominantly 254 nm) or incubated with different doses of MMC. The numbers of surviving colonies were counted in triplicate dishes.
In some experiments the presence of non-proliferating giant cells hampered accurate colony counting. Therefore, S phasedependent [ 3 H]thymidine incorporation, as a measure of the number of proliferating cells, was determined as well. To this end, 500-5000 cells were seeded in 30 mm wells and either rinsed and UV irradiated or incubated with MMC or cisplatin [cis-diamminedichloroplatinum(II); Lederle] for 1 h. Seven days later, before reaching confluency, the cells were incubated with [ 3 H]thymidine (2 µCi/ml) and 20 mM HEPES for 1 h, rinsed twice with PBS and incubated for a further 1 h in unlabelled medium to deplete radioactive precursor pools. Then, cells were lysed in alkali and radioactivity was quantified by scintillation counting. The two methods used to determine mutagen sensitivity, the classical CFA assay and the rapid and simple [ 3 H]thymidine incorporation assay, gave essentially the same results.
Immunoblotting
Total cell extracts of stable transfectants (90 µg) were checked for the presence of (mutant) ERCC1 protein on immunoblots using affinity purified anti-ERCC1 antiserum (19) . Two-dimensional electrophoresis was carried out as described by O'Farrell (51). The proteins were first separated according to their isoelectric point (pI) and subsequently at right angles en masse by SDS electrophoresis in a polyacrylamide gradient (7.5-20%) gel.
ERCC1 amplification
Cosmid 43-34 carrying the ERCC1 gene, the gpt and the agpt markers (18) was ligated to pHG containing the DHFR gene and transfected into 43-3B cells. Initially, the transfected cells were grown in medium containing MPA (25 µg/ml) and MMC (10 -8 M) to select for the presence of the gpt and the ERCC1 genes respectively. In parallel, a part of the transfected cells was treated with UV light and MPA. Both were followed by selection on 10 µg/ml methotrexate (MTX; Lederle). By stepwise increasing the MTX concentration from 10 to 500 µg/ml amplification of the DHFR gene together with its flanking sequences was induced. Stably transfected clones were analysed for amplification of the ERCC1 gene, transcript and protein.
Microinjection
ERCC1 and ubiquitin-ERCC1 proteins (0.1 pg), purified from overproducing E.coli (42) , were injected into the cytoplasm of human primary fibroblasts (XP-G cells were used). Rat serum albumin (RSA) was used as a control. Cells were fixed 10 min or 1 h after injection. Immunofluorescence was carried out using either anti-RSA or anti-ERCC1 antisera.
In situ hybridization
Metaphase spreads of 41D cells were used for in situ hybridization with AAF-modified pHG as a probe as described elsewhere (52) . Hybridization was visualized using rabbit anti-AAF and peroxidase-conjugated pig anti-rabbit antisera.
Immunofluorescence
Cells grown on slides were rinsed with PBS and fixed in PBS containing 2% paraformaldehyde for 10 min and in methanol for 20 min. After extensive washing with PBS supplemented with 0.15% glycine and 0.5% BSA the slides were incubated with pre-immune or affinity purified anti-ERCC1 antiserum (1:100 dilution in PBS) for 1.5 h at room temperature, rinsed and stained with goat anti-rabbit FITC-conjugated antiserum (1:80 dilution) for 1.5 h. Finally, the slides were rinsed and sealed in Vectashield mounting medium (Vector) containing 4′,6′-diamidino-2-phenylindole and propidium iodide as a nuclear marker.
RESULTS
To identify the regions in ERCC1 essential for its function in NER and cross-link repair, mutated ERCC1 cDNAs were assayed for correction of the rodent group 1 mutant 43-3B. Like other mutants in this complementation group and in group 4, this UV-sensitive cell line also exhibits an extreme sensitivity to cross-linking agents such as MMC and cisplatin. The latter feature is not displayed by other UV-sensitive NER-deficient complementation groups and probably reflects the role of ERCC1 in recombination needed for elimination of interstrand cross-links. The requirement for ERCC1 for UV resistance corresponds with its function in NER. Stably transfected neomycin-resistant mass populations were examined for their responses to UV irradiation and MMC. To validate the findings two separate cDNAs for each mutation were tested. Since a negative result can have trivial reasons we studied in addition, when indicated, individual clones which were verified to contain one or more copies of intact mutated or wild-type ERCC1 cDNA. Transfection into Chinese hamster 43-3B cells of a wild-type human ERCC1 cDNA (encoding 297 residues) almost fully complements both repair defects of these cells (see Figs 1 and 2 ).
N-Terminal deletion mutants of ERCC1
Construct pcD3C encoding a truncated ERCC1 protein lacking the first 54 amino acids (see Fig. 1 ) has been shown to confer MMC resistance on 43-3B cells (24) . We have further shortened the protein by constructing ERCC1 cDNAs containing the start codon at amino acid positions 69, 83, 92 and 103 (see Fig. 1 ), preceded by an optimal translation initiation sequence.
Whereas the constructs START69, START83 and START92 all corrected both the UV and MMC sensitivity of recipient cells, START103 could not do so (see Fig. 2A and B for the START92 and START103 mutants; for others data not shown). We conclude that an N-terminal deletion of 91 residues comprising almost one third of the protein does not interfere with its repair functions.
It was not possible to verify the effect of the START92 and START103 mutations at the protein level by immunoblot analysis as our affinity purified ERCC1 antiserum mainly recognizes epitopes in the N-terminus of the protein. Therefore, it remains uncertain whether a deletion of 102 amino acids results in an unstable protein or interferes with the protein activity itself.
C-Terminal deletion mutants of ERCC1
Previous studies have suggested that the strongly conserved C-terminal part of ERCC1 is crucial for its function. pcDEAst, in which the ERCC1 cDNA contains a premature stop codon at amino acid position 214 coding for a 'RAD10-like' ERCC1 protein (see Fig. 1 ), could not correct MMC sensitivity. Neither could pcDEBgl, encoding a truncated protein of 287 amino acids with 17 unrelated C-terminal residues due to a frameshift mutation (33) , nor pcDE72, a splice mutant lacking exon VIII (24) (see Fig. 1 ).
To more precisely determine the extent of the C-terminal functional area, a premature stop codon was introduced at amino acid position 286 resulting in a C-terminal deletion of 12 residues (STOP-12). In addition, STOP-7, STOP-6, STOP-5 and STOP-4 Figure 3 . Expression of wild-type and ERCC1 C-terminal deletion mutant proteins. Equal amounts (90 µg) of whole cell extracts were loaded (pcDEAst, STOP-12, -7, -6 and -5, pSVL5E and HYBRID mass populations; STOP-4 and pUCPROMH-1 single clones). Blots were incubated with affinity purified anti-ERCC1 antiserum. ERCC1 protein migrates at 39 kDa. Untransfected 43-3B is shown in Figure 6 . Note that this antiserum is specific for human ERCC1 and does not recognize the endogenous Chinese hamster protein.
were constructed (Fig. 1) . Of these C-terminal truncations only STOP-4 was able to correct the sensitivity of 43-3B cells to MMC, whereas for UV only a partial correction was found ( Fig.  2C and D) . The normal survival of STOP-4-transfected cells after exposure to cisplatin (Fig. 2E) showed that the observed resistance to MMC reflects correction of cross-link sensitivity in general and rules out the possibility of deficient drug uptake or metabolism. Thus, only four residues can be deleted from the C-terminus without losing the cross-link repair function, although the UV damage repair function is already slightly affected. The various truncated proteins in whole cell extracts from stable transfectants were analysed by immunoblotting (Fig. 3) . STOP-6, STOP-5, STOP-4 and STOP-7 (weakly) proteins could be visualized, indicating that they are stable in vivo though, with the exception of STOP-4, non-functional. Further shortening of the protein apparently induces instability, as no ERCC1 could be detected in STOP-12 and pcDEAst ( Fig. 3 ; note that the endogenous Chinese hamster ERCC1 protein is not recognized by our affinity purified anti-ERCC1 antiserum; see also Fig. 6 ).
To assess whether the sequence homology of the C-terminus with the E.coli UvrC repair protein extends to the functional level, a hybrid construct was generated, with the human part substituted for its bacterial equivalent (Fig. 1) . This ERCC1-UvrC hybrid protein is properly expressed (HYBRID in Fig. 3) , however, it failed to correct the sensitivity to UV and MMC (Figs 1 and 2C ).
Missense mutations in ERCC1
To further examine the presence of functional domains involved in one or both repair functions of ERCC1, specific amino acids were substituted in the region most strongly conserved between human ERCC1, S.cerevisiae RAD10 and S.pombe Swi10 (see Fig. 4 ). This part may contain the binding site for the human homolog of RAD1 (26) and/or it may harbour a DNA binding site (24) . The types of changes made and the effects on UV and MMC survival after transfection into 43-3B cells are summarized in Table 1 . For a number of ERCC1 mutants we found a considerable difference in correction of the UV and MMC sensitivity. This was also observed in individual clones containing intact mutated cDNA. For instance, in clone P 150 →V(I) the UV sensitivity was complemented only partially, whereas the extreme sensitivity to both MMC and cisplatin was almost fully restored (Fig. 5) . In contrast, other mutant ERCC1 transfectants retained the sensitivity to UV and showed partial or no correction of the MMC sensitivity. Immunoblot analysis revealed that most mutations gave rise to no or hardly detectable ERCC1 protein (Fig. 6 ), suggesting that they cause protein instability. In those cases where protein was detected a partially corrected phenotype was seen (Table 1) , as shown for the P 150 →V and L 141 →H substitutions (see also Fig. 6 ). These observations suggest that a reduced amount of (mutated) ERCC1 is sufficient for the repair of MMC damage but not for the repair of UV damage. This interpretation is strongly supported by the isolation of two clones carrying the same mutated ERCC1 cDNA (P 150 →V), but which were found to express the encoded protein to a different level in repeated experiments. Clone P 150 →V(II) exhibits only partial correction of the MMC sensitivity and no correction of UV sensitivity, in contrast to P 150 →V(I) (Fig. 5A and B) . Immunoblot analysis revealed that the level of correction correlated with the amount of mutated ERCC1 protein detectable (determined by copy number and site of integration, which differs in each transfectant; Fig. 6 ). ERCC1 expression was also analysed at the single cell level by immunofluorescence. In rodent cells transfected with pUC-PROMH-1, a human wild-type ERCC1 construct, ERCC1 is expressed in the nucleus of every cell, but the expression level seems somewhat lower than in HeLa cells (Fig. 7) . Although variation is seen in transfectants expressing mutated ERCC1 protein (even in cells derived from one single clone), the overall expression levels are consistently lower than in cells containing the wild-type cDNA. As with immunoblot analysis, no ERCC1 protein could be detected in transfectant containing the S 142 →V construct that failed to correct.
Amplification and microinjection
The remarkable absence of ERCC1 protein in most point mutants can be explained in two ways. Either the mutation renders the ERCC1 mRNA or protein unstable or the mutation interferes with correct folding of the protein and prevents it from proper association with the other component(s) of the complex. Uncomplexed (aberrant or wild-type) ERCC1 protein is then rapidly degraded. To investigate these possibilities we assessed the fate of an excess of wild-type ERCC1 protein obtained by DHFRdriven amplification of the wild-type gene and by microinjection of purified ERCC1 protein in primary fibroblasts.
In an attempt to overproduce ERCC1 protein a construct containing the DHFR gene and the wild-type human ERCC1 cosmid (Fig. 8A ) together with two dominant selectable marker genes, gpt and agpt, as positive controls, was transfected into 43-3B cells. Transformants containing the different dominant markers and a functional ERCC1 gene (as determined by wild-type UV and MMC resistance) were treated with stepwise increasing methotrexate concentrations inducing amplification of the DHFR gene together with its flanking sequences. Southern blot analysis and in situ hybridization to metaphase chromosomes revealed a massive (100-to >1000-fold) amplification of the ERCC1 gene in all stable transfectant clones analysed (e.g. clone 41D in Fig. 8B and C respectively) . A corresponding dramatic increase in ERCC1 transcripts was found as well (Fig. 8D , compare first lane with last lane). In contrast, ERCC1 induction at the protein level was only ∼4-fold as estimated by immunoblotting (Fig. 8E , arrow points to full-length ERCC1). Twodimensional protein analysis of the transfected cells clearly shows enhanced levels of DHFR and co-amplification of gpt and agpt (two genes not selected for), whereas no protein spot corresponding to ERCC1 could be seen (Fig. 8F) . Similar results were obtained with a number of other transformants carrying the amplified functional ERCC1 gene (data not shown). Apparently, it is not possible to overexpress human ERCC1 protein in mammalian cells.
To analyse the stability of wild-type ERCC1 protein in another manner, purified full-length ERCC1 protein and a ubiquitin-ERCC1 fusion product (42), both overproduced in E.coli, were directly injected into the cytoplasm of human primary fibroblasts with the aid of a glass microneedle. Injection of RSA as a control resulted in a clear cytoplasmic immunostaining 10 min following injection, which remained fully stable for 1 h at least. In contrast, a similar number of ERCC1 molecules (representing more than five times the amount normally present in a cell) produced a very weak cytoplasmic staining early (within 10 min) after injection with occasional nuclear staining above background. No exogenous protein could be seen after 1 h. These microinjection results strongly suggest that an excess of free ERCC1 is rapidly degraded in the cell. Similar results were obtained for the XPB and XPD repair proteins, known to be part of the basal transcription factor TFIIH (our unpublished results).
DISCUSSION
ERCC1 mutations were assayed for complementation of the UV sensitivity (NER defect) and MMC sensitivity (recombination defect) of the rodent group 1 mutant 43-3B. In this mutant endogenous ERCC1 protein is hardly detectable (R.D.Wood, personal communication) and will not compete with the human counterpart for complex formation in the transfectants. By deletion analysis of ERCC1, the minimal essential size of the protein for both of its repair activities could be deduced. From the N-terminus, one third of the ERCC1 protein (91 amino acids) can be removed without loss of correcting ability. This finding indicates that this region (24) is not required for the NER or cross-link repair function of ERCC1. Consistently, this region is poorly conserved when compared with S.cerevisiae RAD10 (24) and largely absent in the S.pombe homolog Swi10 (32). However, a cysteine to tryptophan substitution (C 76 →W) within this non-essential part results in a non-functional protein (Table 1) , pointing to a possible role in protein folding. Removal of 102 N-terminal amino acids fully inactivates ERCC1. This deletion may affect the transient association of ERCC1 with the damage recognition protein XPA, since this interaction involves amino acids within the region of residues 93-120 of ERCC1 (8) . In addition or alternatively, based on the homology between RAD10 and ERCC1, removal of the 102 residues may abolish the formation of a complex of ERCC1 with the human homolog of RAD1. The stretch of residues 90-210 in RAD10 has been implicated in the binding of RAD1 (26) .
Within the central area, missense mutations were introduced affecting the best conserved part between amino acid positions 138 and 150. Most of these mutated ERCC1 cDNAs produced reduced amounts of protein and could not fully complement the repair defect of the recipient cells. The most plausible interpretation of these findings is that all the different point mutations affect protein stability, probably by interfering with complex formation with ERCC4/ERCC11/XPF. Free ERCC1 molecules are highly unstable inside the cell, as was shown for an excess of wild-type ERCC1 introduced transiently by microinjection or by continuous overexpression in stable amplificants. In line with this observation, the amount of ERCC1 protein in human XP-F and rodent group 4 and 11 cells is strongly reduced (20, 22) , whereas the ERCC1 gene itself does not carry any mutation and is properly expressed at the mRNA level (our unpublished observations). The transfectants expressing detectable (but lowered) levels of ERCC1 protein showed a partial correction. This is consistent with the idea that this central area is needed for interaction with ERCC4 and stability of the protein. Interestingly, the UV sensitivity of the S.cerevisiae rad1-20 mutant is caused by a mutation in the RAD10 binding domain of RAD1 and is partially corrected by overexpression of RAD10 protein, presumably increasing the concentration of active RAD1-RAD10 protein complex (53) .
In those cases where diminished amounts of mutated protein were detected, the repair of UV damage (NER) was consistently more impaired than the repair of cross-links (recombination). No mutation was found that affected cross-link repair and not NER. It appears that lower levels of the ERCC1 complex are required for cross-link elimination than for UV lesion removal. Either the number of interstrand cross-links is very low, such that small amounts of ERCC1 complex are sufficient, or the ERCC1 complex is more active or not the rate limiting step in cross-link repair. Some exceptional rodent group 1 and 4 mutants exhibit only moderate cross-link sensitivity combined with full UV impairment (54) . We have found the same for cells from XP-F patients (our unpublished results), explaining why XP group F presents a NER deficiency rather than a deficiency in cross-link repair.
Several groups reported that increased levels of ERCC1 transcripts correlate with increased cisplatin resistance of human cells (55) (56) (57) . However, we found only an ∼4-fold increase in ERCC1 protein, despite a massive increase in ERCC1 transcripts (Fig. 8) , and no elevated resistance to mitomycin C in overproducing cells (our unpublished results; 58). Thus, ERCC1 protein levels should be determined before conclusions can be drawn with respect to involvement of this protein in cisplatin resistance. Consistent with this cautious note and with our idea that small amounts of ERCC1 complex are sufficient for cross-link repair function, no elevated ERCC1 protein levels were found in nitrogen mustard-resistant cells (59) , indicating that increased ERCC1 levels are not involved in resistance to this cross-linking agent.
At the C-terminal end, no more than four residues appear to be dispensable for both ERCC1 functions. An ERCC1 protein lacking the C-terminal five amino acids, although stable, failed to correct the UV and MMC sensitivity of 43-3B cells. Residue -5 is close to the point where the homology of ERCC1 with the C-terminus of the E.coli UvrC repair protein ends (33) . Interestingly, the C-terminus of UvrC itself is also essential for its endonuclease function (60) , though residues that are thought to be directly involved in the incision activity of UvrC may be located elsewhere (61) . It was shown that the Bacillus subtilis UvrC protein can substitute for the E.coli UvrC protein in the uvrABC excinuclease, despite their low homology (38%) (62) . Interestingly, residues conserved between these two proteins are also present in ERCC1 and are therefore likely to be important for nuclease activity. A database search revealed the presence of two small subdomains homologous to this essential C-terminal part in a large group of proteins implicated in either DNA break induction or sealing. Representatives of each class of proteins are aligned in Figure 9 . In addition to the known prokaryotic UvrC homologs, inducing 5′ (and possibly also 3′) incision during NER (60, 61, 63) , this group includes homologs of RadC, a protein active in recombination-dependent repair of DNA breaks (64) , and NAD-dependent DNA ligases. Furthermore, residues within subdomain 1 were found to be conserved in a number of other nucleases, among which were the 5′ nuclease domain of Taq polymerase (65), the human flap-endonuclease FEN-1, equivalent to the 5′→3′ endonuclease of E.coli DNA polymerase I (66) , and many of the bacterial members of the 5′ nuclease family described by Gutman and Minton (E.coli polymerase I amino acids 188-212; 67). The latter region constitutes the last part of the strongly conserved I region in FEN-1 shared with the XPG and S.cerevisiae RAD2 nucleases (68) generating the 3′ incision in the eukaryotic NER reaction. The crystal structure of Taq polymerase reveals that this area adopts a specific α-helix-turn-α-helix conformation followed by a long loop and two helices (69) . Its role in the catalysis of the nuclease reaction has not yet been resolved.
This evolutionary evidence strongly suggests that the domain homologous to UvrC is somehow involved in the activity of the ERCC1 protein, supporting a direct role of ERCC1 in the incision 5′ of the DNA lesion. An ERCC1-UvrC hybrid gene, however, failed to complement the repair defect of the rodent group 1 mutant, indicating that the C-terminal regions of UvrC and ERCC1 have diverged too much to allow domain swapping. In this regard it should be noted that the C-terminus of UvrC stops at the -6 position in ERCC1 (24), i.e. just beyond the -4 residue critical for both ERCC1 repair functions. The presence of detectable levels of the crucial C-terminally truncated proteins further supports the idea that this area is required for catalysis rather than for stabilization. An ERCC1 protein with two extra residues at position 208 (see pcDEMP2 in Fig. 1 ) is also stable in the cell and when strongly overexpressed it exerts a dominant negative effect (58) . Poisoning of the ERCC1 complex by this mutant protein suggests that the catalytic domain may extend from the C-terminal end to residue 208 at least. The conservation of the UvrC homology in mammalian ERCC1 and S.pombe Swi10 contrasts with its complete absence in S.cerevisiae RAD10 (see Fig. 4 ). Nevertheless, purified RAD1-RAD10 is capable of incision (29) (30) (31) . A possibility is that the RAD1-RAD10 nuclease can do without this domain. Perhaps more likely, cryptic sequences from the distinct N-terminal part of RAD10 can provide this function or, alternatively, stretches in RAD1 that have no match in its S.pombe homolog Rad16.
In conclusion, analysis of mutations introduced throughout the coding area of ERCC1 has revealed dispensability of the poorly conserved N-terminal third of the protein, contrasting with a much more stringent need for the C-terminus. Mutant protein stabilities and local sequence conservation in many DNA break processing proteins suggest that the C-terminal domain is primarily required for enzymatic activity of ERCC1, presumed to be a structure-specific endonuclease. The central region of the protein appears to be involved in protein-protein interactions needed for protection against degradation. The repair of crosslinks requires lower amounts of ERCC1 than does NER, which could explain the cross-link resistance of XP-F cells and may indicate that the ERCC1-dependent step in this process occurs outside the context of NER. To confirm these findings at the protein level the isolation of the other complex components is underway.
NOTE
During the preparation of this manuscript the gene encoding the XPF protein (the equivalent of ERCC4 and ERCC11) was cloned and the purified ERCC1-XPF complex has been shown to indeed have structure-specific endonuclease activity (Sijbers et al., Cell, in press).
